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ABSTRACT: This paper describes the mechanistic investiga-
tion on the photomodification of a borosilicate glass substrate
assembled with 47( 8 nm gold nanoparticles and exposed to a
single shot of 532 nm nanosecond pulsed-laser light. The laser
fluences ranging from 180 to 430 mJ cm-2 pulse-1, the values
of which are 2 orders of magnitude lower than the breakdown
threshold of quartz of 15-20 J cm-2 pulse-1 were used. Upon
photomodification, the craters of ∼20 nm diameter and ∼10
nm depth were formed on the glass surface simultaneously
with the laser-induced splitting of Au nanoparticles to generate
smaller particles of 15 nm diameter. The number density of the craters increased depending on the laser fluence with a sharp rise, the
onset of which occurred at ∼160-170 mJ cm-2 pulse-1, and reached a value of twice the number density of original Au particles
(150 ( 10 particles μm-2) with a weak tendency to level off at high fluences. The onset of the crater formation coincides with
splitting of gold nanoparticles due to the temperature rise above the boiling point of gold resulting from the absorption of the laser
energy. Thus, the explosive evaporation of gold nanoparticles is postulated to play a crucial role for the modification observed here.
This assumption gained a solid support from the estimation of laser fluence-dependent thermoacoustic pressures due to the sudden
evaporation of gold. This finding may represent a new application of the laser ablation/fragmentation of nanoparticles to material
processing.

’ INTRODUCTION

Optical properties of noble metal nanopaticles (NPs) have
attracted considerable attention because they exhibit extremely
high absorption and scattering cross sections compared with any
other inorganic and organic counterparts due to surface plasmon
resonance.1 Besides, NPs bears fascinating properties represented
by the plasmonic enhancement2 of an incident electromagnetic
field which finds applications in ultratrace analyses utilizing SERS
(surface-enhanced Raman scattering)3,4 and plasmon-assisted
photochemical reactions.5,6 Furthermore, photothermal and
photomechanical effects under short pulsed-laser excitation have
drawn increasing attention in recent years.7-9 In this regard, the
laser energy absorbed by the particles can contribute to drastic
changes in the strong absorber and surrounding medium. For
instance, a sudden temperature rise can result in lattice expansion,
melting, and vaporization of the particles themselves. Moreover,
heating and vapor formation around the particles can take place
simultaneously with pressure signals exhibited by acoustic waves
and shockfronts. The laser-induced heat, bubbles and pressures
have potential use in cancer therapy as a part of applications to
nanomedicine. Furthermore, potential application of nanoparicles
to a nanoscale material processing has been demonstrated.

Ko and co-workers reported the fabrication of nanometer-
sized craters on a polyimide film self-assembled with Au NPs

when exposed to a 532 nm nanosecond laser light through an
objective lens (3-5 ns pulse width, 30-300mJ cm-2

fluence).10

Tsuboi and co-workers observed the nanohole formation on a Au
NP-polymer hybrid film deposited on glass substrates and
irradiated by a single 532 nm nanosecond pulsed laser shot.11

These two studies ascribed the origin of nanoholes to the melting
of the substrates due to heat transfer from the NPs. The heat
mode of nanofabrication represents the material modification
due to damages caused by melting and explosive evaporation of
Au atoms and clusters generated through the rapid overheating
of strongly absorbing NPs during a short laser pulse when the
influence of heat diffusion is minimal. In the meantime, Obara
and co-workers observed the formation of nanoholes on the
surface of a silicon substrate deposited with Au nanospheres by
irradiating a single femtosecond laser pulse having an intensity of
less than the ablation threshold of silicon.12-14 These reports
attributed to the plasmonic enhancement of the incident electric
field at the boundary of the NP and the substrate. Other groups
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reported a similar finding toObara’s group.15,16 Thus, besides the
heat mode of enhanced material fabrication, a photon mode
process is postulated to occur in which the electric field enhance-
ment due to the excitation of the surface plasmon band of NPs
can cause a multiphoton absorption leading to the ablation and
modification of the material surface.

Although the laser technique is powerful and versatile in 3D
microfabrication, a major drawback is its low throughput, in par-
ticular, in the femtosecond laser processing.17,18 In this regard,
investigations aiming at utilizing NPs and nanostructures to the
laser material structuring are equally important for expanding the
capability of nanomaterial-based technology to an unexplored
field of nanofabrication as well as for developing the energy
saving way of laser fabrication. Despite the nanohole fabrication
on silicon and polymer surfaces has been reported upon the laser
excitation of Au NPs as mentioned above, such attempts were
rarely made on glass substrate. This is because the laser proces-
sing of the glass substrate by the application of NP-based
approach is a more challenging task than the fabrication on the
silicon substrate where a larger plasmonic enhancement is
predicted due to its greater dielectric functions or the polymer
surface with appreciably lower melting temperatures. In recent
study, we have observed the laser photomodification, i.e., the
formation of nanoscale craters at scattered places on a borosili-
cate glass surface assembled with Au NPs by exposure to multi-
shots (10-36 000 shots) of 532 nm nanosecond pulsed laser
beams with fluences less than 500 mJ cm-2 pulse-1, well below
the breakdown threshold of 25-40 J cm-2 pulse-1.19 The
average diameter of the craters was ca. 10 nm at initial stages
but repeated irradiations granted the size expansion of the craters
to a hundred nanometer scale. Our observation of the craters is
distinct from the previous observation of nanoholes on silicon
substrate, where a single laser shot allowed the fabrication of a pit
underneath a given Au NP, sugesting the plasmonic enhance-
ment of the electromagnetic field.12-16 We ascribed the mecha-
nism of the crater formation primarily to the heat mode process
but details were still not clear. Interestingly, the laser-modified
area acquired an increased etching susceptibility to aqueous
hydrofluoric acid and the selective etching of the irradiated area
was achieved. The result strongly suggests the feasibility of Au
NP-based laser structuring on the glass substrates. Although we
observed the modification of the glass surface accompanied by
the splitting of Au NPs by a number of laser shots, the process
induced by the laser irradiation seems to be complicated because
of the inhomogeneous size changes of the AuNPs. Therefore, the
single laser shot experiment is prerequisite in order to attain
deeper understanding of the mechanism. Here, we report the
observation of the single-shot laser photomodification of glass
surfaces along with the mechanistic investigation of the surface
damage by calculating vapor pressures caused by the sudden
evaporation of Au NPs.

’EXPERIMENTAL SECTION

On average 40-50 nmdiameter Au particles were prepared by
citrate reduction in aqueous solution according to the literature.20

The stock solution was made by dissolving 1 g of HAuCl4 3 4H2O
(Wako Chemical, 99.9%) in 10 mL of doubly distilled water. A
100 mL aliquot of 0.1% HAuCl4 aqueous solution prepared by
diluting the stock solution 1000 times was heated and 1.1 mL of
1% trisodium citrate (Wako Chemical) aqueous solution was
added at the boiling stage with vigorous stirring. The solution was

kept boiling for 15 min with stirring and additionally stirred for
15 min without heating. It has been known that citrate anions
adsorbed on the Au particle surface act as a stabilizer. Colloidal
Au particles were assembled on 3-aminopropyltriethoxysilane
(APTES)-functionalized coverslip (Matsunami, borosilicate
glass) and quartz (Shinetsu, Viosil) surfaces.21 Briefly, glass
substrates (18 � 18 � 0.5 mm) were cleaned by submerging
in a 1:1 mixture of ammonia-water (28%) and aqueous hydro-
gen peroxide (30%) and dried. Then, the substrates were treated
with a 2% methanol solution of APTES for 1 h at 60 �C. After
silanization, surfaces were rinsed several times withmethanol and
then distilled water before being placed into solutions of Au NPs
for 12-18 h at ambient temperature. The substrates assembled
with Au NP films were rinsed with distilled water and dried.

Laser irradiation was carried out normal to the glass substrate
by a single shot through a photomask with 3 mmdiameter circular
hole. Unfocused beam of a frequency-doubled output (532 nm)
of a nanosecond Nd:YAG laser (Continuum Surelite I-10, pulse
width: 6 ns; beam diameter: 6 mm) was employed. The glass
substrates exposed to the laser shots were examined by the
extinction spectroscopy (Hitachi, U-2010 spectrophotometer)
and field emission scanning electron microscopy (FE-SEM,
Hitachi S4700). For the observation of FE-SEM of the glass
substrates, Pt-Pd alloy was sputter deposited. The sputtered
particles were distinguished from Au particles because of their
size of less than 5 nm diameter. The glass surface exposed to the
laser irradiation was examined by SEM in the presence and
absence of AuNPs. For removal of AuNPs, a part of an irradiated
spot was scrubbed gently with a methanol-applied cotton paper
(Asahi Kasei, BEMCOT). The cotton paper was tightly fixed
around the pair of tweezers. As a compliment to a 2D measure-
ment by SEM, topographical images were acquired by atomic
force microscopy (AFM) on a Veeco Innova SPM with a probe
tip of a radius of curvature of 2 nm(NANOWORLDSSS-NCH-10).

’RESULTS

Exposure of a glass substrate assembled with Au NPs to a
single-shot of a 532 nm nanosecond pulsed-laser light allowed for
the observation of remarkable morphological alterations for both
NPs and the glass surface depending on the applied laser fluence.
Figure 1 depicts the SEM images of the irradiated surface at a
fluence of 360 mJ cm-2 pulse-1.

In Figure 1, the inset depicts intact Au particles. A large
population of as-prepared particles assume an oblate shape with
an average diameter (an average of long and short axes) of 47( 8
nm. The left side of the image represents the irradiated surface
that is fully covered with Au NPs appreciably smaller in size than
the original particles shown in the inset. The formation of the
small particles is caused by pulsed laser-induced fragmentation, a
phenomenon observed previously in solutions.22-26 By contrast,
the right side of the SEM image represents the bare glass surface
that was exposed after the irradiation by removing Au particles
such as those seen on the left side of the SEM image. The
occurrence of small craters of approximately 10 nm diameter is
remarked as scattered dark spots, each surrounded by bright
circle. A strong support for the assignment to the craters is
obtained by the observation of AFM images of the glass surfaces
exposed to the laser irradiation, Figure 2.

Inspection of Figure 2 clearly revealed the presence of pitted
spots (shown by dark spots) corresponding to the craters observed
by SEM. The diameter of the craters observed by AFM is
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approximately 20 nm that was greater than that of ca. 10 nm
observed by SEM. This discrepancy might be due to the fact that
the 2D SEM image is not appropriate for estimating shallow
crater diameters. Moreover, the depth of the craters measured by
AFM is dependent on the laser fluence imparted: approximately
2 nm at 226 mJ cm-2 and 4-6 nm at 470 mJ cm-2. Consistent
with this observation, the SEM image of the craters at low
fluences carries a low image contrast because of a shallow nature
and the prolonged irradiation of the electron beam for the
observation stimulated the flattening of the craters due to the
melting of the glass surface. At high fluences, however, the SEM
pictures gave a clear image contrast and the melting during the
SEM observation is less pronounced. The SEM images showing
the effect of laser fluences were given in Supporting Information,
Figure S1. It is interesting to note that the repeated laser

irradiations of 100-1000 shots permitted the enlargement of
the structures to a hundred up to several hundred nanometer-
sized craters.19

The number density of the craters formed by a single laser shot
strongly depends on the laser fluence applied. The number
density estimated from SEM images is depicted in Figure 3 as
a function of laser fluence. The number density exhibits a sharp
rise with increasing laser fluence and its onset was observed
at 160-170 mJ cm-2 pulse-1. Consistent with the SEM
observation, a laser fluence-dependent increase of the population
of the craters was also observed for the AFM images (Figure 2).

Most importantly, the crater formation on the glass surface is
closely associated with the laser-induced transformation of Au
NPs. We observed the morphological changes of the NPs upon
irradiation at various laser fluences. Figure 4 shows the particle

Figure 1. SEM image of a borosilicate glass surface assembled with 47( 8 nm Au NPs with a surface coverage of 30% and exposed to a single-shot of a
532 nm pulsed laser light (fluence: 360 mJ cm-2 pulse-1). The left side of the image shows the glass surface fully covered with small NPs resulting from
the laser-splitting of the original particles. The right side of the image displays a bare surface from which the particles were removed after the laser
irradiation. Here, many dark spots with a slightly bright outer ring are formed on the bare surface. These spots correspond to craters formed by the laser
irradiation as revealed by the AFMmeasurement (see Figure 2). For comparison, inset depicts the SEM image of the glass surface before the irradiation.
The scale bar represents 100 nm.

Figure 2. AFM topographical images of sample surfaces subjected to a single shot laser irradiation at laser fluences of 226mJ cm-2 (a) and 470mJ cm-2

(b). Dark spots represent pitted areas corresponding to the craters. The average crater depth is 2 nm in (a) and 4-6 nm in (b). The AFM images were
acquired for the surfaces exposed to the laser irradiation and in the absence of Pt-Pd coating. The fragments of Au particles were removed before the
measurement.

http://pubs.acs.org/action/showImage?doi=10.1021/jp106830x&iName=master.img-001.jpg&w=300&h=190
http://pubs.acs.org/action/showImage?doi=10.1021/jp106830x&iName=master.img-002.jpg&w=468&h=170
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size distribution extracted from SEM micrographs as a function
of laser fluence. Figure 4a gives the size distribution for intact
particles, and panels b-d show the results of laser irradiation.
With increasing laser fluences, the splitting of NPs starts to take
place with a threshold at 180 mJ cm-2 pulse-1 (Figure 4b).
Generally, a bimodal particle size distribution consisting of a size
similar to the original particles and fragments was observed as a

result of laser irradiation although the fragments carried a consi-
derably broad size distribution. We note here that particles
remaining without undergoing fragmentation are remarkably
spherical (see the difference of SEM images between panels a
and b in Figure 4) because of melting. The number of particles
that fail to undergo splitting decreases with increasing laser
fluences. At the fluence of 225 mJ cm-2 pulse-1, approximately
40% of the original particles undergoes splitting (Figure 4c).
Furthermore, at the fluence of 275 mJ cm-2 pulse-1, the original
particles were entirely fragmented (Figure 4d). Close examination
of Figure 4 reveals that the laser-induced splitting is responsible
for the crater formation because the onset of the slitting of Au
NPs in terms of laser fluence (180 mJ 3 cm

-2
3 pulse

-1) coincides
with the onset of crater formation (160-170 mJ cm-2 pulse-1)
and the increase in the number density of craters well correlates
with the increase in the number density of particles undergoing
splitting.

Finally, we measured the extinction spectral evolution
(Figure 5) of the Au-modified glass substrate irradiated at various
laser fluences in order to acquire information complementary to
that obtained by SEM observation. It has been established that
the extinction spectrum of Au NPs strongly reflects the particle
size and shape, spacing, and the refractive index of surrounding
medium.1 Before the laser irradiation, the extinction spectrum was
measured consisting of two peaks: one at 520 nmwhich is ascribed
to the surface plasmon resonance band of pseudospherical Au

Figure 3. Number density of craters as a function of laser fluence for a
single-shot laser irradiation. The number density of original Au NPs was
150 ( 10 particles μm-2.

Figure 4. Particle size distribution on glass surface exposed to a single-shot laser light of various fluences from SEM image analyses. A part of original
SEM image was given in the inset of each panel. Panels a-d represent the distribution for various laser fluences: (a) 0 mJ cm-2 pulse-1 (before
irradiation), (b) 180 mJ cm-2 pulse-1, (c) 225 mJ cm-2 pulse-1, and (d) 275 mJ cm-2 pulse-1. The particle diameter of intact Au NPs is 47( 8 nm.
Particles less than 10 nm diameter were not counted for constructing the histograms because of resemblance in size with sputter-deposited Pt-Pd
particles with an average diameter of 5 nm for SEM observations. Note that the ordinate scale in panel a is the same as that in panel b but smaller than the
scales in panels c and d because of increased number of particles due to efficient splitting at high laser fluences. The scale bars represent 100 nm.

http://pubs.acs.org/action/showImage?doi=10.1021/jp106830x&iName=master.img-003.png&w=167&h=158
http://pubs.acs.org/action/showImage?doi=10.1021/jp106830x&iName=master.img-004.jpg&w=330&h=314
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particles1 and the second at 650 nm which presumably originates
from dimer or associated particles.27-29 The dimeric species and
associated particles were observed in SEM pictures (see Figure 4
(a)). Laser irradiation altered remarkably the spectral shape. For
instance, the contribution of the low energy peak is reduced
regardless of the laser fluence, which is ascribed to the reduction
in the population of the associated particles due to melting and
splitting. Additionally, broad spectral envelopes with a peak shift
to longer wavelengths were observed for samples irradiated at
relatively high fluences. On increasing the laser fluence, steady
increase was observed for the baseline of the entire spectrum.
This is caused by the large-scale aggregation of small particles
observed by the SEM images as reported previously.30 The
possibility that the increased baseline is resulting from the
increased extinction of the substrate itself because of the nano-
crater formation is denied. This is because the baseline was
unchanged by one laser shot regardless of the fluence when the
spectrum of irradiated substrate was measured after removal of
the particles.

’DISCUSSION

Our observation of nanosized craters on the visible laser
irradiation of Au NP-assembled glass substrates is distinct from
the previous observations of laser-induced nanofabrication. For
instance, nanoholes prepared previously by a single-shot femto-
second laser irradiation on Si substrates possessed a size similar
to or larger than that of Au particles.12-14 Presently, however, the
size of craters on glass substrates by a single nanosecond pulsed-
laser irradiation is much smaller than that of NPs because of the
fragmentation (Figure 1). Besides this, the number density of
craters increased with increasing laser fluences above the thresh-
old and exceeded that of original Au particles at high fluences
(Figure 3) while each Au NP produced one nanohole on Si. In
reality, the resonant coupling of Au NPs with their mirror image
in a glass substrate, i.e., the mirror image effect,31 should be
weaker than that for Si because of the lower permittivity, which
causes lower enhancement of the electromagnetic field in the
area around the contacting point on the substrate. Therefore, we
can safely exclude the possibility that the craters are formed by
the ablation of the glass surface resulting from a multiphoton
absorption due to the enhanced electromagnetic field of light by
the plasmon band excitation. Instead, a role played by the

photothermal and photomechanical effects by the excitation of
the plasmon band of Au NPs should be taken into consideration
because the crater formation takes place simultaneously with the
splitting of Au NPs placed on the substrate (Figure 4).

The problem of Au NP heating and heat transfer to the sur-
rounding environment under a variety of laser exposure condi-
tions and particle properties have been studied previously.32-34

We employed a couple of heat equation as given in eq 1 for
estimating the lattice temperature of Au NP, Tl and the tem-
perature of the surrounding medium, Tm, resulting from the heat
transfer.

ClðTlÞ dTlðtÞ
dt

¼ - Fþ SðtÞ ð1aÞ

Cm
∂Tmðr, tÞ

∂t
¼ km

1
r2

∂

∂r
r2

∂Tmðr, tÞ
∂r

� �
þ F ð1bÞ

Here C represents the heat capacity (Cl for Au and Cm for the
surrounding medium), F is the heat dissipation term, S is the
input energy of laser, and km is the thermal conductivity of the
surrounding medium associated with heat diffusion. The first
term on the right side in eq 1b represents the heat diffusion with
r, distance to the particle center. The laser energy term, S [Wm-3],
absorbed by the unit volume, Vp [m

3], of a spherical particle of
radius R [m] with a Mie absorption cross section of Cabs [m

2] in
the medium with a refractive index of nm is defined by eq 2

SðtÞ ¼ Cλ
absðnm,RÞ PðtÞ

VpðTlÞ ð2Þ

In eq 2, P [W m-2] is the laser power dependent on time, t, at
the maximum of the spatial Gaussian profile. The volume, Vp, is
dependent on the lattice temperature, Tl, because of the volume
expansion in both solid and liquid phases, and Cabs depends
largely on the refractive index of surroundingmedium, nm, as well
as exciting laser wavelength and the size of NP. The heat
dissipation term F was derived empirically by Plech and co-
workers as eq 335

F ¼ 3h
RðTlÞ ½Tl -TmðRÞ� ð3Þ

where h denotes the interface thermal conductance and R(Tl) is
temperature dependent radius of Au NP. Now the question is
how we can define the medium for the present system of Au NPs
surrounded by air and placed on a glass surface.

The extinction spectrum of intact particles given in Figure 5
provides information on nm by the calculation of an extinction
cross section, Cext at 532 nm of 2.12� 10-15 m2 for a 45 nm Au
NP from the particle number density of 150 μm-2 and extinction

Figure 5. Extinction spectra of Au-NP modified (Au NP diameter:
47( 8 nm, coverage: 30%) glass substrate exposed to a single-shot laser
light of various fluences given in the inset.

Scheme 1. Pictorial Representation of the System

http://pubs.acs.org/action/showImage?doi=10.1021/jp106830x&iName=master.img-005.jpg&w=167&h=161
http://pubs.acs.org/action/showImage?doi=10.1021/jp106830x&iName=master.img-006.jpg&w=161&h=86
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at 532 nm of 0.138, by applying the Mie theory.36 Linear
interpolation of the derived Cext allowed the estimation of
nm = 1.12 for the present medium located between nm = 1.00
in air (Cext(532 nm) = 1.11� 10-15 m2 for 45 nm Au) and nm =
1.50 in glass (Cext(532 nm) = 6.125� 10-15 m2 for 45 nm Au).
We estimated that a quarter of the surface area of theNP interacts
with the glass surface to undergo heat transfer (Scheme 1)
through the linear interpolation of the value of nm (nm = 1.12)
between 0% (nm = 1.00) and 100% glass medium (nm = 1.50).
Thus the heat dissipation term in eq 3 is corrected for the
contribution of the NP surface area interacting with the glass
surface relative to the total surface area of the NP as F0 given by

F0 ¼ 3h
4RðTlÞ ½Tl -TmðRÞ� ð3'Þ

The value of 190� 106 W m-2 K-1 for h in eq 30 is obtained
from the literature for silver NP embedded in glass.32 The heat
equation in the absence of heat dissipation is obtained by setting
F = 0 and km = 0 in eq 1a.

A numerical simulation based on eq 1-30 allowed the
estimation of Tl and Tm at various delay times and laser fluences.
Figure 6 shows the temperature curves as a function of laser
fluence both in the absence and in the presence of heat dissipa-
tion to the glass substrate after 5 ns of the laser excitation.
Additionally, examples of the time-dependent evolution of the
temperatures were given in Supporting Information, Figure S2 to
show how fast the heat transfer takes place. Inspection of Figure 6
reveals that fair degree of heat transfer to the substrate takes place
but not affecting significantly the rise of Tl because of the fast
supply of sufficient heat energy during the laser pulse, causing
only a shift of the temperature curve of Tl to a larger fluence than
that in the absence of heat dissipation. Note that our calculation
of heat dissipation is up to the boiling point of Au because it is
difficult to deal with the event of evaporation of Au, simulta-
neously with the heat dissipation.

The laser energy that can raise the temperature of a whole
particle above the boiling point of 3243 K for 45 nm diameter Au
particle is 120mJ cm-2 pulse-1 in the absence of heat dissipation
and approximately 150 mJ cm-2 pulse-1 in the presence of heat
dissipation to themedium. The latter value is close to the onset of
laser energy that initiates the crater formation (180 mJ cm-2

pulse-1) and that of laser fragmentation of Au particles (160-
170 mJ cm-2 pulse-1). This strongly suggests that the boiling of
the entire particle can channel into the explosive splitting of Au
NPs,37 resulting in potential damages to the surface through the
collision of fragments with high kinetic energy. In other words,
the fragments of Au NPs can drill the glass surface. Ito and co-
workers demonstrated the laser ablation of a single Au NP with a
diameter of 80 nm on a glass substrate submerged in water by a
single-shot irradiation of 355 nm nanosecond pulsed-laser.38

They observed that the Au NPs are fragmented on the surface at
the initial stage of laser ablation and the resultant fragments are
adhered strongly to the glass surface. This adhesion means that
the fragments were blown attached to the surface, indicative of
remarkably large kinetic energy carried away by the fragments
although they did not look into the glass surface.

The reason for the increase in the number of craters with
increasing laser fluence can primarily be associated with in-
creased number of original particles undergoing splitting at high
fluences. Obviously, the light absorption cross section of NPs
changes depending on the particle size, aggregation, and local
environment as depicted in Figure 5. Therefore, large or aggre-
gated particles, which exhibit relatively large absorption, may
undergo splitting first at the onset of the laser ablation. The
number of particles failed to undergo fragmentation remarkably
decreased with increasing pulse energy, because of an increased
laser fragmentation probability at high fluences. This reflects the
fluence-dependent particle size distribution in which the number
of small particles increases at the expense of large particles.
Moreover, we observed that the number density of craters finally
exceeds the original Au particles (Figure 3). This can be
explained by the assumption that more than one fragments or
clusters emitted from the original particles can contribute to the
nanocrater formation while all the particles are undergoing
splitting.

In order to check the validity of the drilling mechanism by the
action of the fragments, we estimate a thermoacoustic pressure in
the vicinity of the NP surface on instantaneous (nanosecond)
laser heating.We calculated the vapor pressure, p0, of solid gold at
a given temperature, T (K) on the basis of Einstein model of the
solid according to eq 539,40

p0 ¼ ð2πmÞ3 = 2

ðkBTÞ1 = 2
ν30 exp

- L0
kBT

� �
ð5Þ

where m represents atomic mass of gold; ν0, lattice vibration
frequency; L0, sublimation energy; and kB, Boltzmann constant.
The values of ν0 = 3.0 � 1012 s-1, L0 = 3.82 eV for gold can be
found in the literature.41 The temperatures of Au NP used in the
calculation of p0 are those in the absence of heat dissipation as
given in Figure 6, because, in our model, the calculation of
temperatures above the boiling point is not possible in the
presence of heat dissipation. This may cause somewhat over-
estimation of temperatures in calculating p0 using eq 5. The
resultant pressure was given in Figure 7 as a function of laser
fluence for a 45 nm diameter gold particle. We expect that, in the
presence of heat transfer to the medium, the stress curve given in
Figure 7 may undergo slight shift to the right side. The result
indicates that the order of magnitude of the pressure generated
by the evaporation of gold itself is very large, far exceeding a
pressure wave and shock wave generated in the medium by the
laser heating of Au NPs below the boiling temperature because
the latter takes a range of values within the order of MPa.42

Figure 6. Rise in temperatures, Tl and Tm, as a function of laser fluence
for a 45 nm diameter Au nanoparticles exposed to a pulsed laser light
(532 nm, 5 ns) estimated by calculation both in the absence and in the
presence of heat dissipation.

http://pubs.acs.org/action/showImage?doi=10.1021/jp106830x&iName=master.img-007.jpg&w=176&h=160
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Remarkably, a sharp rise was observed in the gold vapor pressure
as a function of laser fluence with a onset of 120 mJ cm-2 pulse-1.

The onset value of crater formation may depend on the
durability of a host material. For instance, a measure of hardness,
the Vicker’s hardness of the borosilicate glass gives a value of 5-6
GPa,43 which corresponds to the thermoacoustic pressure esti-
mated for the onset of particle explosion. Generally, substrates
may undergo damages if a generated pressure exceeds the
tolerance limit of materials and then the actual onset of crater
formation is determined. In order to confirm this assumption, we
attempted the crater fabrication on a quartz substrate (see the
Supporting Information, Figure S3). In this case, a greater
value of the Vicker’s hardness of 8.9 GPa44 predicts a larger
onset value of crater formation. Indeed, the crater formation
threshold of >300 mJ cm-2 pulse-1 was observed despite that
the exact value was difficult to determine by the SEM observa-
tion. Apparently, the quartz substrate has greater durability to the
damage caused by this treatment than the borosilicate substrate.
This is consistent with the assumption that the crater formation is
initiated by a local high pressure and the hardness can determine
the onset, even though another factor such as the modified
absorbance of Au NPs due to the local refractive index change
can be involved.

’SUMMARY

The present work is regarded as the extension of a pulsed-laser
induced ablation/fragmentation of Au NPs in liquids22-26 to the
solid surface where the substrate, instead of solvents, serves as a
thermal energy acceptor. The extension allowed the observation
of a single shot visible laser-induced photomodification repre-
sented by the nanocrater formation at unspecified places on the
surface of the glass substrate. This observation is mechanistically
different from the previous finding of nanoholes generated on
silicon substrates due to the plasmonic enhancement of the
electromagnetic field in the close vicinity of NPs,12-14 because
the laser-induced splitting of the NPs plays a crucial role. We
obtained the result indicating that the laser-splitting of NPs is
directly connected to the nanocrater formation through the
process in which fragments carrying a large kinetic energy
generated by the explosive evaporation of the Au NPs hit the
glass surface causing damages. The calculation of thermoacoustic

stress as a gold vapor pressure caused by sudden temperature
increase by laser irradiation gave a solid support for the mecha-
nism. Our present finding is important because additional laser
irradiations allow the enlargement of the craters. Furthermore,
the photomodified area after prolonged irradiation acquires
increased susceptibility to the etching by hydrofluoric acid.19

This may open up a possibility to the NP-assisted structuring of
glass surfaces, which permits the local modification of wettability,
transparency, roughness, and chemical structure with a consider-
ably low intensity of laser light. Such effort in pursuit of the
energy saving way of fabrication is now underway.
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